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INTRODUCTION
The Office of Naval Research's (ONR) Environmental and Ship Motion Forecasting (ESMF) Future Naval Capability (FNC) Program is developing technologies to support Sea Basing initiatives. Some of the technologies will provide environmental and ship motion forecasting, enabling predictions of windows of opportunity for seabasing operations such as inter/intraship material, personnel, and vehicle movement; skin-to-skin operations; wet-deck operations; and, launch and recovery of manned and unmanned vehicles.
To support ESMF, ONR is using full-scale measurements from the RA^ Melville to investigate Science and Technology (S&T) developments that may enable and improve real-time prediction of ship motions. The RA^ Melville (T-AGOR 14) ( Figure 1 ) is a research vessel operated by Scripps Institute of Oceanography (SIO). This 85m, 3000 tonne (279ft, 2955 LT) vessel has been in service for more than four decades as an ocean-going science platform. This platform will be used at the end of Phase IB of the ESMF FNC program to demonstrate and evaluate ESMF systems currently under development.
Understanding the assumptions and limitations of various ship motion modeling approaches is critical for ESMF. In order to provide a baseline for interpretation of ESMF data obtained during the full-scale demonstration aboard the RA'^ Melville, two parallel paths were taken to generate motion data for this vessel. First, model-scale experiments in regular and irregular waves were conducted and the motions of the RA^ Melville at 1/23''^ scale were recorded [I] . Second, motions of the RA^ Melville in irregular seas were predicted using the USN Standard Ship Motion Program (SMP95), a linear, frequency-domain seakeeping prediction [2] . This report documents the RA^ Melville motions data obtained from both paths, and is 
MOTIONS DATA GENERATED THROUGH MODEL TESTING
A model test was performed in the Maneuvering and Seakeeping (MASK) basin at the Naval Surface Warfare Center Carderock Division (NSWCCD) for the RA^ Melville. The 1/23'"'' scale model of the RA'^ Melville constructed for this test included the skeg, bilge keels, and close approximation of propulsion pods. The model was operated as a free-running model, and data was collected for head seas, bow seas, beam seas, quartering seas, and following seas. Timesynchronized model ship motion and wave measurement data was collected for full-scale speeds of 0, 8, and 12 knots, in both regular and irregular uni-directional wave conditions representing Sea States 3, 4, and 5. Characteristics of the three Sea States, generated as a Bretschneider spectrum in the MASK, are provided in Table 1 . Figure 2 shows an average measured versus target sea spectrum for the Sea State 3 condition. Due to the method of wave generation in the MASK, the measured sea spectrum does not exactly match the target Bretschneider sea spectrum over the range of frequencies. The measured sea spectrum has more energy than the target at lower frequencies, and less energy at the higher frequencies. This energy disparity should be considered when comparing the experimental motion measurements that result from the achieved Sea State to the SMP predictions that use the target Bretschneider spectrum. 
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The response amplitude operators (RAOs) were calculated based on the ship's pitch and heave in both regular and irregular seas. Individual runs were concatenated into a single longer record prior to analysis. For the regular seas, Fourier analysis was first performed on the roll, pitch, and carriage wave height sensor data. The RAOs were then calculated as the ratio of the first harmonic Fourier coefficient of motion to the first harmonic Fourier coefficient of the wave height. The wave height data used for analysis was dependent on the relative wave heading of the condition. The west carriage wave height sensor was used for head seas and the north sensor was used for beam and following seas because these were verified to be outside of the radiated waves of the model.
For the irregular seas, spectral analysis was first performed on the roll, pitch, and carriage wave height data to compute the spectral densities of each signal. The ratio of motion to wave data was then calculated by dividing the spectral density of the desired motion by the spectral density of the wave data. The RAO for each encounter fi-equency is equal to the square root of the spectral density ratios. The wave height data used for analysis was again dependent of the relative wave heading of the condition. The west carriage wave height sensor was used for head and bow seas, the north sensor was used for beam and following seas, and the south sensor was used for quartering seas.
LINEAR SHIP MOTION PREDICTIONS USING SMP95
The USN Standard Ship Motion Program (SMP95) is a Unear, frequency-domain ship motions numerical simulation tool. SMP95 enables predictions of motions (displacements, velocities, and accelerations) for a ship advancing at constant speed, with arbitrary heading, in irregular seas [2] . Irregular seas are modeled in SMP95 using a two-parameter Bretschneider wave spectral model. RAO predictions are output for irregular seas.
SMP95 provides a potential flow solution based on linearized strip theory. The assumptions inherent in this theory are that ship length is large compared to beam and draft, and that hull section and waterplane properties are represented by the calm water values. The latter condition requires that ship motions be limited to small amplitudes. Additionally, in pure head seas and pure following seas, SMP95 predicts zero roll, sway and yaw.
Long-crested waves were used in the SMP95 simulations for comparisons with the seakeeping model experiments of the RA'^ Melville in the NSWCCD Maneuvering and Seakeeping (MASK) Basin [1] . The RA^ Melville hull geometry utilized for the SMP95 predictions included the hull itself, plus bilge keels and skeg. The propulsion pods were not modeled. The RA'^ Melville was modeled in SMP95 to match the as-tested displacement, trim, and metacentric height (GM) with fi-ee surface correction from reference [1] .
To facilitate the comparison of RAOs from the model test with the RAOs predicted by SMP95, a slight modification to the SMP95 prediction results was made. RAOs generated from model test data were reported in units of degrees per meter, whereas RAOs generated using SMP95 were calculated in units of that quantity, degrees per meter, squared. Upon researching this discrepancy ftirther, it was determined that the difference lies in a definition of RAO which has changed over time. The Response Amplitude Operator was originally defined as the square of the ratio of the scalar amplitude of response and the exciting wave amplitude [3] . However, in more recent years, the unsquared ratio has been used as the definition of RAO. In the current situation, RAOs derived from model test data were calculated using the unsquared ratio and the RAOs calculated by SMP95 were output as the squared ratio. Therefore, the square root of each RAO computed by SMP95 was calculated, and this result was compared with the corresponding RAO derived from the model test data.
COMPARISONS BETWEEN SIMULATIONS AND EXPERIMENTS

Overview of Conditions for Comparison
RAO's from SMP95 was compared to those derived from model scale experimental data. RAOs for irregular waves provide important information for the upcoming ESMF demonstration. However, RAO data generated from model-scale testing in 1/60"' slope regular waves are also included in this comparison because this model test condition is the best representation of the linear motion assumptions inherent in the SMP95 calculations. The regular wave conditions are specified in Table 2 . Comparisons are shown between the measured and predicted RAOs for roll and pitch, and for head, beam, and following seas at full-scale equivalent speeds of 8 and 12 knots. Predicted and measured RAOs for each speed and motion are plotted as a fimction of wave encounter frequency for each wave heading. All RAO values are in units of degrees per meter and provided for multiple wave encounter frequencies.
In ideal conditions, a vessel would experience no roll in pure head or following seas, as is the case for the linear SMP model with long-crested wave conditions. However, the model in the experiment was manually piloted, resulting in small deviations from pure head or following seas, and therefore experienced roll in head and following seas.
Comparisons of Roll RAOs
Figures 3-8 show roll RAOs plotted as a function of wave encounter frequency for Sea State 3, at 8 knots, and 12 knots, and in following, beam, and head seas. Figures 15-20 show results for the same conditions for Sea State 4, and Figures 27-32 show the results at SS5. SMP predicts zero roll for pure head and following seas under all conditions, as expected. However, in beam seas, there is reasonable correlation between predicted and measured RAO values. The RAO peak is likely shifted because GM was matched between the physical model and ftill-scale ship (roll periods were not specifically matched). The peak for SMP is at a lower frequency than the physical model results for all cases. In general, the agreement between the data and SMP predictions improves with an increase in Sea State.
Following Sea
Examination of the roll RAOs derived from model test data for Sea States 3, 4, and 5 ( Figures 3, 4 , 15, 16, 27, and 28) indicates that the shape of the curve at 8 knots is similar for the three environmental conditions. The results show a significant increase in RAO from Sea State 3 to Sea State 4, and a subsequent significant decrease in RAO from Sea State 4 to Sea State 5. In fact, the maximum RAO for Sea State 5 is lower than that derived for Sea State 3.
RAO curves for 12 knots appear to be more consistent. For all three Sea States at 1/60* slope regular waves, the minimum RAO values occur at an encounter frequency of roughly 0.4 rad/sec. Maximum values vary somewhat, both in amplitude and in the encounter frequency at which that value occurs. However, values derived for Sea State 3 and Sea State 5 are similar, but values for Sea State 4 are markedly different.
The roll RAO values for following seas warrant further examination.
Beam Sea
In all three Sea States ( Figures 5, 6 , 17, 18, 29, and 30) the roll RAO values predicted by SMP for 8 knots are nearly identical to those predicted for 12 knots throughout the encounter frequency range. Similarly, the roll RAO values derived from model test data at 8 knots resemble those derived for 12 knots throughout the encounter frequency range. Variation of the maximum RAO value (between the SMP prediction and the model test data) is greatest for Sea State 3, and is small for Sea States 4 and 5.
Head Sea
An analysis of RAOs derived from model test data in Sea States 3, 4, and 5 (Figures 7, 8 , 19, 20, 31, and 32) reveals that the data follows a similar pattern in all three Sea States, and for both 8 and 12 knots. RAO amplitudes are also similar throughout the encounter frequency range, with the exception of higher RAO amplitudes occurring at 12 knots in Sea State 3 in the encounter frequency range of 0.5 -0.6 rad/sec.
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Comparisons of Pitch RAOs
As a general note, SMP prediction of pitch RAO is independent of Sea State. Thus the pitch RAOs predicted in Sea States 3, 4, and 5 for a given heading are identical.
Figures
Following Sea
SMP predictions of pitch RAO in following seas do not correlate well with RAO values derived from model test data. In all three Sea States, there is a portion of the RAO curve for the 8 knot case in which the trend is similar for the predicted and experimentally derived data. However, no such similarity exists between the predicted and measured values for the 12 knot case.
Beam Sea
Pitch RAO predictions from SMP bear little resemblance to the RAO curves derived from the model test data for the beam sea condition. For 8 and 12 knots in all three Sea States, experimental data indicates a dip in the RAO curve at encounter frequencies ranging from 0.6-0.8 rad/sec. This data also features a peak in the RAO curve in the encounter frequency range of 1.2-1.4 rad/sec. In contrast, SMP predictions for 8 and 12 knots show RAO amplitudes that increase continually with encounter frequency, peaking at an encounter frequency in the vicinity of 1.3 rad/sec (8 knots case) and 1.4-1.6 rad/sec (12 knots case). Additionally, the RAO amplitudes derived from model test data are markedly different (and larger in magnitude) than those predicted by SMP.
Head Sea
There is good correlation in the overall trend of predicted and measured pitch RAO values for the head sea condition for both speeds and all three Sea States. However, the SMP predictions vary smoothly, and the model test data do not. The RAO amplitudes are very close in magnitude, and the encounter frequency at which the peak RAO occurs is also very close. There appears to be a smaller peak in the RAO values derived from the model data; the peak occurs in the encounter frequency range of 0.5-0.6 rad/sec.
CONCLUSIONS
A linear, frequency-domain ship motions numerical tool, SMP95, was used to predict RAO values for roll and pitch for head, beam, and following seas for the model scale RA^ Melville, at 8 and 12 knots. The results obtained from SMP95 were compared to those obtained experimentally. Motion RAOs for both roll and pitch were plotted as a function of wave encounter frequency. Conditions included head, beam, and following seas, at 8 and 12 knots. For roll RAOs as a function of wave encounter frequency, beam seas correlated the best between predicted and measured RAO values. The best correlation for pitch motion was for the head seas condition. There are a few reasons that the differences between the data and predictions exist. One reason is that the Sea State used in the SMP runs is an ideal Bretschneider spectrum, while the achieved Sea State in the MASK is slightly different (see Figure 2) . There is an obvious difference in wave energy at various frequencies, which will likely have an effect on the generated ship motions. Another reason is that SMP is a linear code, while the physical model motions are likely non-linear, especially at the higher Sea States. A fiirther reason for the differences is that while the ship characteristics were matched between model and full-scale (i.e. GM), roll and pitch period were not specifically matched.
The comparisons between SMP95 predictions and model test data presented herein are not meant to be used as a verification/validation of SMP95. Rather, the data is intended to be used for reference during the ESMF demonstration 
